250 mg 2-bromoethylamine hydrobromide (BEA)/kg body weight ip were performed. In addition, male Mongolian gerbils were treated with both BEA and ip injections of either water, dimethyl sulfoxide, piperonyl butoxide, or reserpine. Light microscopic renal lesions in male Mongolian gerbils progressed from congestion of the vasa recta of the proximal inner medulla at 6 hr posttreatment to total renal papillary necrosis (RPN) at 24 hr post-treatment. There was no sex difference in sensitivity to BEA. Ultrastructural alterations in male gerbils were restricted to the vasa recta. Vascular lesions of endothelial swelling and pericapillary edema in the vasa recta of the proximal inner medulla was observed 2 hr post-treatment and progressed to occlusion by platelets adherent to exposed basement membranes at 6 hr post-treatment. Diuresis induced by injections of saline and injections of dimethyl sulfoxide or piperonyl butoxide did not affect the development of BEA-induced RPN. Reserpine slowed the development of BEA-induced RPN by its vasodilatory effect on the renal vasculature, not by blocking the endothelial toxicity of BEA. RPN induced by BEA in the Mongolian gerbil is apparently an ischemic necrosis of the inner medulla that develops secondary to endothelial damage of the vasa recta.
INTRODUCTION
2-Bromo-ethylamine hydrobromide (BEA) has been used extensively as a model compound for the induction of renal papillary necrosis (RPN) in the rabbit (10) , rat (8, 15, 16) , Syrian hamster (2) , and Swiss ICR mouse (22) . This model of RPN has been used to simulate the pathologic changes seen with analgesic nephropathy, a syndrome in humans that results in renal failure. Analgesic nephropathy accounts for as many as 30% of patients on renal dialysis and has been found in 30% of renal failure patients at autopsy (11) . The hallmarks of analgesic nephropathy are RPN and chronic interstitial nephritis with cortical atrophy (11) . Analgesic-associated renal disease has also been reported in the horse (5, 13) , dog (19) , and cat (23) .
RPN induced by BEA in the rabbit (10) and rat (7) models produced light microscopic and ultrastructural alterations that were seen simultaneously in the vasa recta and thin limbs of Henle within the inner medulla. The vasa recta were lined by degen-erated endothelium and were occluded by aggregates of platelets and erythrocytes. The thin limbs of Henle were lined by degenerated epithelial cells that were frequently desquamated. As the lesion progressed over time, intermediate RPN developed in which only necrotic &dquo;ghosts&dquo; of the vasa recta and the thin limbs of Henle were visible and the collecting ducts were lined by attenuated epithelium (7, 10) . In some individual rabbits, rats, and hamsters (2) , total RPN developed characterized by necrosis of all components of the inner medulla and desquamation of the urothelium.
The mechanism by which BEA-induced RPN develops is not known. Unidentified metabolites of BEA were found in the urine and bile of rats treated with 14 C-BEA but no unmetabolized BEA was identified in the urine (1) . The pathway responsible for this metabolism has not been identified.
The development of BEA-induced RPN in rats was inhibited by treatment with reserpine prior to treatment with BEA (24) . Reserpine did not completely prevent RPN but slowed its development. It was proposed that reserpine caused vasodilation within the renal papilla, thus preventing the ischemia associated with BEA treatment (24) . The de- ~~ ṽ elopment of RPN in rats given BEA was also inhibited by diuresis (3) .
The objective of the present study was to characterize the sequential light microscopic and ultrastructural lesions of BEA-induced RPN in the Mongolian gerbil and to determine the effect of diuresis and treatment with reserpine (a catecholamine depletor) or piperonyl butoxide (a cytochrome P-450 inhibitor) on the induction of RPN by BEA in the Mongolian gerbil. The Mongolian gerbil was selected due to its unique anatomy, which enables it to concentrate its urine to a great degree.
MATERIALS AND METHODS

Animals
Juvenile male and female Mongolian gerbils (Tumblebrook Farms, West Brookfield, MA), 50-55 g, were housed in clear plastic rodent boxes containing wood shavings. The gerbils were fed rodent chow (Purina, St. Louis) and tap water ad libitum. Gerbils were acclimated to laboratory conditions for k a minimum of 3 days prior to the start of an ex-. periment and kept in a 12-hr light-dark cycle for the duration of all experiments. All animals were euthanized using C02 asphyxiation unless otherwise indicated.
Chemicals
The BEA (Sigma Chemical, St. Louis) was dissolved in sterile 0.9% NaCI solution (Abbott Laboratories, Chicago) and then injected ip using a tuberculin syringe with a 25-gauge needle. The control gerbils received an ip injection of 0.15 ml saline diluent.
Study 7
Thirty male Mongolian gerbils were injected ip with a single dose of 250 mg BEA/kg, 0.01 ml solution /5 g body weight. Five treated gerbils at each time point were randomly selected and then euthanized and necropsied at 6, 12, 18, and 24 hr and 10 treated gerbils at 3 days post-treatment. Three control gerbils were euthanized and necropsied at 1 and 3 days post-treatment. The tissues were fixed in neutral-buffered 10% formalin. A mid-transverse section of each kidney was embedded in paraffin, sectioned at 5 jim, and stained with hematoxylin and eosin for light microscopic examination.
Study 2
Twelve male Mongolian gerbils were injected ip with 250 mg BEA/kg solution, 0.01 ml solution/5 g body weight. The gerbils were anesthetized with an ip injection of 0.15 ml of 65 mg/ml pentobarbital solution and perfused through the left cardiac ventricle with phosphate-buffered (pH 7.4) 1.5% paraformaldehyde-2.5% glutaraldehyde solution (4) at 2, 4, and 6 hr post-treatment. Three control gerbils were similarly prepared. A mid-transverse section was cut from the kidneys, and a 1.5-X -1.5-X -1.0mm section of the medulla at the junction of the inner stripe of the outer medulla and the inner medulla was collected and further processed by routine methods for embedment in epoxy resin. Tissue sections were stained with uranyl acetate and lead citrate and examined on a JEOL electron microscope. Parallel sections of the kidney were processed for parafhn section and stained with hematoxylin and eosin for light microscopic examination.
Study 3
Ten female Mongolian gerbils were injected ip with 250 mg BEA/kg, 0.01 ml solution/5 g body weight. Five control female gerbils were injected with an equivalent volume of sterile saline diluent. All gerbils were euthanized and necropsied at 24 hr post-treatment. The tissues were treated as in study 1.
Study 4: Diuresis
Nine male Mongolian gerbils were injected ip with 0.9% saline/5% body weight every 12 hr for the duration of the experiment. At the time of the second saline injection, 6 gerbils received an ip injection of 250 mg BEA/kg and 3 received 0.1 ml saline diluent ip. Three of the BEA-treated gerbils were euthanized 12 hr after the injection of BEA. The remaining gerbils were euthanized at 24 hours after the injection of BEA or saline diluent. The gerbils were necropsied and the tissues were fixed in neutral-buffered 10% formalin and then processed as in study 1. The renal lesions were scored (Table I) individually. After completing studies 4-7, all slides were read without knowing the group of origin, the lesion scores were totaled, and the mean lesion score was calculated for each group.
Eighteen Mongolian gerbils were treated with 250 mg BEA/kg body weight. Five gerbils were euthanized 6, 12, and 24 hr post-treatment and 3 gerbils at 3 days post-treatment. The kidneys were pro- cessed as described in study 1 and the renal lesions were scored. These gerbil kidneys served as positive controls for this and the subsequent studies.
Study 5: Dimethyl Sulfoxide
Eight male Mongolian gerbils were injected ip with 0.15 ml dimethyl sulfoxide (DMSO; Fisher Scientific, Fair Lawn, NJ), 5 gerbils received a simultaneous injection of 250 mg BEA/kg, and 3 gerbils received saline. All gerbils were euthanized at 3 days post-treatment. The tissues were processed as in study 1 and the renal lesions were scored.
Study 6: Piperonyl Butoxide
Eight male Mongolian gerbils were injected with 600 mg piperonyl butoxide (Aldrich Chemical, Milwaukee, WI)/kg body weight in peanut oil (0.01 ml solution/5 g body weight). Five of these gerbils received 250 mg BEA/kg ip 1 hr after the piperonyl butoxide and 3 received 0.1 ml saline ip. All the gerbils were euthanized 24 hr after the BEA or saline injection. The tissues were processed as in study 1 and the renal lesions were scored.
Study 7: Reserpine
Twenty-three male Mongolian gerbils were injected ip with 2.0 mg reserpine/kg dissolved in DMSO; 18 hr later, 20 were injected ip with 250 mg BEA/kg and 3 reserpine-treated gerbils received saline ip. At 6, 12, and 24 hr post-treatment with BEA, 5 treated and 1 control gerbil were anesthetized ip with 0.15 ml of 65 mg/ml sodium pentobarbital. The left kidney was prepared for electron microscopic examination as described in study 2. The right kidney was processed for light microscopy x 100.
as previously described. The tissues were processed as in study 1 and the renal lesions were scored.
RESULTS
Study 1
Treated Mongolian gerbils were less active than the controls and had rufHed hair at 12 hr post-treatment. Gerbils that survived BEA treatment more than 18 hr were lethargic and slow to respond to gentle stimulation and did not groom as compared to the controls. Only 5 of 10 treated gerbils survived to 3 days post-treatment. Light microscopic alterations observed at 6 hr post-treatment included slight to mild congestion of the vasa recta along the junction of the inner medulla with the inner stripe of the outer medulla.
Endothelial cell nuclei within the proximal inner medulla were pyknotic, and some vasa recta capillaries were occluded by aggregates of platelets and erythrocytes ( Fig. 1 ).
At 12 hr post-treatment, > 50% of the capillaries in the renal papilla were congested. The renal papillary interstitium was expanded by homogenous eosinophilic edema fluid. Nuclei of endothelial cells and epithelium of the thin limbs of Henle were pyknotic. The inner medullary collecting ducts were moderately dilated and lined by attenuated epithelium, and the urothelium lining the renal papilla was attenuated and multifocally desquamated. The collecting ducts within the outer medulla were moderately dilated. desquamated. The distal tubules and cortical collecting ducts were moderately dilated. At 24 hr post-treatment, total RPN was evident and characterized by coagulative necrosis of all components of the inner medulla (Fig. 2) . By 3 days post-treatment, a few inflammatory cells, consisting primarily of neutrophils, were present at the junction of the viable inner stripe of the outer medulla and the necrotic inner medulla. The distal tubules, cortical collecting ducts, and tubules within the outer medulla were markedly dilated.
Study 2
The ultrastructure of the proximal inner medulla from a control Mongolian gerbil, prepared in identical manner as the treated, is represented in Fig. 3 . The descending vasa recta (DVR) is lined by a continuous, nonfenestrated endothelium. The ascending vasa recta (AVR) is lined by a fenestrated endothelium with thin, double-membrane, slit diaphragms within the fenestrae. The thin limbs of Henle are lined by epithelium with marked infoldings of the basal cell membrane. Within the narrow interstitial space are interstitial cells, which, in some electron micrographs from control gerbils, have dilated cistemae of the endoplasmic reticulum. Ultrastructural alterations seen 2 hr post-treatment included slight to mild widening and decreased electron density of the basal lamina of the AVR capillaries (Fig. 4 ). The endothelium lining the AVR was often lifted away from the basement membrane, and slit diaphragms were absent in fenestrae (Fig.  5 ). In some electron micrographs, a few platelets were aggregated adjacent to the endothelium. At 4 hr post-treatment, the lamina rara of the vasa recta was increased in width and the subendothelial lamina densa of the AVR was abnormally electronlucent at multiple sites. The endothelium of the AVR multifocally was lifted away from the basement membrane forming small blebs. Blebbing of the endothelium of the DVR was accompanied by a decrease in electron density of the cytoplasm. In a few electron micrographs, platelets were aggregated around endothelial blebs in both the AVR and the DVR (Fig. 6 ).
At 6 hr post-treatment, platelet and erythrocytic aggregates occluded the capillaries of the AVR. The basement membrane of the AVR was increased in width, less electron-dense, and multifocally denuded of endothelium. Single platelets or aggregates of platelets were adhered to the exposed collagen of the exposed AVR basement membrane (Fig. 7 ). Most of the occluded capillaries were of the AVR and fewer capillaries of the DVR were occluded by aggregates of platelets and erythrocytes.
Ultrastructural alterations at 6 hr or less posttreatment were restricted to the vasa recta, its associated basement membranes, and interstitial space. Ultrastructural alterations were not present in the other components of the proximal inner medulla, including the thin limbs of Henle, collecting ducts, and interstitial cells. Although some electron micrographs of treated gerbils showed dilation of cistemae and marginated chromatin in the interstitial cells, this was not a consistent finding and did not -Electron micrograph of the ascending vasa recta capillary from the proximal inner medulla of a male Mongolian gerbil 6 hr post-treatment with 250 mg 2-bromoethylamine hydrobromide/kg body weight. The endothelium is multifocally disrupted and a platelet is adhered to the exposed basement membrane. Bar = 0. 5 Am. progress over time. Also, similar alterations were seen in the interstitial cells of the control gerbils.
Study 3
Female Mongolian gerbils given 250 mg BEA/kg body weight had lesions of the renal medulla similar to those described in the male. At 24 hr post-treatment, the kidneys had severe intermediate or total RPN. The inner medulla was markedly congested, and the thin limbs of Henle, vasa recta, and most of the collecting ducts were necrotic.
Studies 4-6
Injections of saline, DMSO, or piperonyl butoxide did not alter the development of RPN in Mongolian gerbils treated with BEA. The mean renal lesion scores were not different from those of gerbils treated only with BEA (data not shown). Also, DMSO did not increase survival time. Only 2 of 5 gerbils treated with DMSO and BEA survived to 3 days post-treatment, whereas 1 of 3 gerbils treated only with BEA survived to 3 days post-treatment.
Study 7
Reserpine slowed the progression of RPN development. At 6 hr post-treatment with BEA, the mean renal lesion score of gerbils treated with reserpine and BEA was not different from that of untreated control gerbils and half that of gerbils treated with BEA only (Table II) . At 12 and 24 hr post-treatment with BEA, the mean renal lesion scores were less in reserpine and BEA-treated gerbils than in gerbils that received only BEA (Table II) .
The ultrastructure of the kidneys from reserpinetreated ccntrol gerbils was not different from that of saline controls (Fig. 1) . At 6 hr post-treatment with BEA, some reserpine-treated gerbils had mild congestion of the vasa recta at the junction of the inner stripe of the outer medulla and the inner medulla. Ultrastructural alterations were present in the AVR and DVR and included endothelial cell swelling and exposure of the basement membrane. Compared to kidneys from control gerbils, the interstitial space of the inner medulla in gerbils that were treated with reserpine and BEA was expanded by electron-lucent edema fluid. Endothelia of the vasa recta formed cytoplasmic blebs that protruded into the capillary lumens.
In some electron micrographs, the continuity of endothelial cells was lost and the endothelial basement membrane was exposed (Fig. 8 ). Rarely, capillaries were congested, and a few platelets were adhered to endothelial cell surfaces. At 12 hr post- FIG. 8. -Proximal inner renal medulla from a Mongolian gerbil 24 hr post-treatment with 2.0 mg reserpine/kg and 6 hr post-treatment with 250 mg 2-bromoethylamine hydrobromide/kg body weight. The endothelium lining the vasa recta capillary has cytoplasmic blebs that protrude into the capillary lumen, the interstitial space is widened by electronlucent edema fluid, and the endothelium is focally disrupted (arrow). Uranyl acetate and lead citrate. Bar = 0.5 5 pm. FIG. 9. -Renal medulla from a Mongolian gerbil 30 hr post-treatment with 2.0 mg reserpine/kg and 12 hr post-treatment with 250 mg 2-bromoethylamine hydrobromide/kg body weight. The vasa recta at the junction of the inner stripe of the outer medulla and the inner medulla congested and lined by endothelial cells with pyknotic nuclei (arrows). H&E.
x 60. treatment with BEA, the kidneys had lesions of early RPN (Fig. 9 ). Vasa recta capillaries were occluded by aggregates of platelets and erythrocytes. Collecting duct epithelium was attenuated and the papillary interstitium was mildly expanded by eosinophilic homogenous material (edema fluid). At 24 hr posttreatment with BEA, the kidneys had lesions of intermediate RPN in the proximal 80-85% of the papilla and total RPN of the distal 15-20% of the papilla (Fig. 10 ).
DISCUSSION
The light microscopic changes of the kidney from Mongolian gerbils given BEA are identical to those reported for the rabbit (10), rat (8, 16, 17) , and hamster (2) . The progression of the light microscopic renal papillary changes are also the same as those reported in the rat (8) . Rats given doses of BEA similar to those used in the gerbil had ultrastructural lesions of the vasa recta, interstitial cells, and the thin limbs of Henle simultaneously at 3 hr post-treatment (7) ; however, at 2, 4, and 6 hr posttreatment, only the vasa recta of the gerbils has ultrastructural alterations.
RPN induced by BEA in the Mongolian gerbil appears to be the result of ischemic necrosis of the inner medulla. An initial step in the pathogenesis is perturbation of endothelial function of the vasa recta. The chemical damage appears to be specific to the endothelial cells of the vasa recta, whereas other lesions appear to be secondary to subsequent vascular occlusion.
Similar endothelial damage has been reported to be caused by ethanol (6, 17, 18) and aspirin (14) in the microvasculature of the gastric mucosa and for cadmium (9, 12) in the liver, nervous system, and testicle. In human beings, ethanol-induced injury of the microvasculature of the gastric lamina propria included rupture of the endothelium and its basement membrane, microhemorrhage, platelet accumulation, and thrombosis. Necrosis of the overlying gastric mucosa was thought to be secondary to the vascular injury (18) . Rats treated with aspirin developed gastric erosions secondary to focal ischemia. In response to aspirin, the small vessels of the gastric lamina propria dilated and developed increased numbers of fenestrations of the endothelial cells, which eventually ruptured (14) . Cadmium reportedly produced injury in the liver, nervous system, and testes by a direct effect on the vascular endothelium. Endothelial changes associated with cadmium included increased vacuolation, widened intercellular junctions, fragmentation of endothelial cells, denudation of the basement membrane, and extrusion of damaged cells into the capillary lumen. Additionally, platelets may accumulate, obstructing the capillary (9, 12) . Necrosis of the parenchymal tissues of the liver, nervous system, and testes are secondary to infarction. Not all endothelial cells within a tissue or animal were damaged. This phenomenon was thought to be due to differences in susceptibility of various endothelial subpopulations within a tissue or between tissues (9) . Similarly, BEA causes endothelial cell damage in the Mongolian (21) . Reserpine slowed the progression of RPN development due to the vasodilating effect of reserpine on the renal vasculature. The renal lesions at 12 and 24 hr post-treatment with BEA were similar in gerbils given both reserpine and BEA and those given BEA alone. A reduced incidence of RPN was also reported in rats injected with reserpine prior to BEA. At 1-2 days post-treatment with BEA 60% of rats developed RPN, and at 3-8 days post-treatment 100%, whereas rats treated with reserpine prior to BEA had 40 and 60% RPN, respectively (24) . The protective effects of reserpine in BEA-treated rats waned over time (24) , similar to those seen in the gerbil. The gradual loss of protection may be due to the length of time it takes for synthesis of catecholamines to replace those depleted by reserpine. Tissue catecholamine concentrations are restored slowly because reserpine binds in the tissues and can persist for days (20) . Because of the persistence of the reserpine-induced dilation, other factors may also be involved in the production of RPN. Wyllie et al (24) proposed that BEA-induced vasoconstriction of the renal papillary blood supply and direct cytotoxicity were the most likely mechanisms for BEA-induced RPN since vascular damage and platelet thrombi were not seen in BEA-treated rats (7, 8) . Gerbils treated with BEA, however, developed vascular damage and thrombi as the primary lesion, and endothelial damage is present within the vasa recta capillaries of reserpine-and BEA-treated gerbils. These data indicate that in the gerbil BEAinduced RPN occurs secondary to endothelial damage in the vasa recta with subsequent platelet aggregation and ischemic necrosis of the papilla. It is likely that reserpine slowed the development of RPN in the gerbil by causing local vasodilation, which increased blood flow in the vasa recta and prevented platelet adherence to the damaged capillary endothelium. As the effects of reserpine waned, the BEAdamaged renal papillary vasculature constricted and platelets aggregated, resulting in ischemic necrosis of the renal papilla.
Male and female Mongolian gerbils develop RPN similar to that previously described for the rabbit, rat, and hamster treated with BEA. Unlike the rat, the ultrastructural alterations at 6 hours or less posttreatment with BEA are restricted to the capillaries of the vasa recta. Reserpine slowed the development of BEA-induced RPN in the Mongolian gerbil by its vasodilatory effects on the renal vasculature, not by blocking the endothelial toxicity of BEA. Inhibition of cytochrome P-450, diuresis and treatment with DMSO did not alter the development of BEAinduced RPN in the Mongolian gerbil. The lesion produced by BEA in gerbils appears to be an ischemic necrosis of the renal papilla secondary to endothelial damage of the vasa recta and subsequent vascular thrombosis. BEA nephrotoxicity in Mongolian gerbils is an excellent model of RPN and chemically induced renal vascular damage and suggests that the role of direct vascular damage should be more thoroughly investigated as the initiating lesion of analgesic nephropathy.
